We have examined how different cleaning processes affect the laser induced damage threshold of antireflection coatings for large dimension, Z-Backlighter laser optics at Sandia National Laboratories. Laser damage thresholds were measured after the coatings were created, and again 4 months later to determine which cleaning processes were most effective. There is a nearly twofold increase in laser induced damage threshold between the antireflection coatings that were cleaned and those that were not cleaned. The laser-induced damage threshold results also revealed that every antireflection coating had a high defect density, despite the cleaning process used, which indicates that improvements to either the cleaning or deposition processes should provide even higher laser induced damage thresholds.
Introduction
The Z-Backlighter lasers at Sandia National Laboratories are kilojoule class, pulsed systems operating with ns pulse lengths at 527 nm and ns and sub-ps pulse lengths at 1054 nm (www.z-beamlet.sandia.gov), and are linked to the most powerful and energetic x-ray source in the world, the Z-Accelerator (http://www.sandia.gov/z-machine/). An important Z-Backlighter optic is a flat, fused silica optic measuring 32.5 cm x 32.5 cm x 1 cm with an antireflection (AR) coating on both sides. It is used as a debris shield to protect other Z-Backlighter laser optics from high-velocity particles released by the experiments conducted in the Z-Accelerator. Each experiment conducted in the Z-Accelerator releases enough debris to cloud the surface of a debris shield, which means that a debris shield cannot be used for more than one experiment.
Every year, the large optics coating facility [1] at Sandia provides AR coatings for approximately 50 debris shields, in addition to AR coatings for numerous other meter-class Z-Backlighter lenses and windows. As with all Z-Backlighter optical coatings, these AR coatings must have a high laser-induced damage threshold (LIDT) in order to withstand the powerful Z-Backlighter laser fluences. Achieving a good LIDT depends not only on the coating deposition processes but also on the polishing and cleaning processes used to prepare the coated and uncoated surfaces [2] . We spend a lot of time, both before and after the coatings have been deposited, manually cleaning the optics, including the debris shields, even though they are an expendable type of optic. Therefore, in this study we have tested new cleaning methods in addition to our current method to determine their impact on the LIDT of AR coatings, and conclude whether a shorter-duration or less labor-intensive cleaning process would suffice.
Experimental Procedure
We clean the optics both before and after the optical coating has been deposited to ensure that contamination is removed from the uncoated substrate, and to ensure that contamination is removed from the optical coating before the optic is installed in the laser beam train. The focus of this study is on the cleaning methods that we perform on the optic after is has been coated, which we identify as "final cleaning." First, we introduce the standard cleaning process that each optic undergoes to remove contamination from the uncoated substrate. Then, we discuss the final cleaning processes that we tested on optics after they were coated with AR coatings on both sides.
Our standard AR optic cleaning processes involve three steps, summarized below.
Cleaning step 1:
We clean each side of the uncoated optic by first rinsing with deionized (DI) water while lightly wiping with a wiper (Texwipe model # TX1109) to remove large particles. Then we vigorously wash each uncoated side of the optic with a DI water soaked wiper and mild detergent (Micro 90, which is diluted to a ratio of roughly 10:1 by volume of DI water to detergent). Micro 90 removes organic, oily residue on an optic. After rinsing away the Micro 90, we then vigorously wash both uncoated sides with a DI water soaked wiper and Baikalox. Baikalox is a slurry of < 0.05 μm alumina particles that can remove polishing compound left behind in the optical surface microstructure from the glass polishing process. We then rinse the optic with DI water and vigorously wash both sides of the optic again with Micro 90 and a DI water soaked wiper to remove any Baikalox that did not rinse away. The final step is to scrub the optic vigorously using a wiper with copious flow of just DI water to help remove any other particles and residues that remain. After cleaning step 1, the uncoated optic is ready to receive the AR coating on one side.
Cleaning step 2: Same as cleaning step 1, but Baikalox is not used on the side that was coated because it can mar the coating. After cleaning step 2, the optic is ready to be coated on the second side.
Cleaning step 3 (final cleaning): Same as cleaning step 1, but Baikalox is not used at all because both sides of the optic have been coated. After this point, the optic is ready for final inspection and installation in the beam train.
Since the focus of this study is to determine whether an easier final cleaning method exists that does not degrade the LIDT of the coatings, we pursued the cleaning method developed by Murakami, et al. [3] as a suitable candidate, in addition to our standard final cleaning method. Murakami, et al. [3] introduced a cleaning procedure in which an optic is immersed in a mixture of DI water and alcohol for a period of time. The DI water, in migrating into the microstructure of the coated or uncoated optic surface, tends to displace contaminants, especially organics such as hydrocarbons. The alcohol tends to prevent the displaced contaminants from remaining on the optic surface as a residue. For this reason, we have included the cleaning procedure of Murakami, et al. in our final cleaning tests to see its effect.
The final cleaning processes that we tested in this study are listed below. Process A is our standard cleaning step 3, process B is a control process that skips final cleaning, and processes C -D are new and involve modifications to cleaning step 3. Four 50 mm diameter, 10 mm thick fused silica test optics were coated with an AR coating on both sides, in the same coating runs, with the side 1 coating on December 11, 2013 and the side 2 coating on December 13, 2013. All of the optics that we tested first underwent cleaning steps 1 and 2 before one of the final cleaning methods was tested.
A.
Perform cleaning step 3 as usual. B.
No final cleaning: skip cleaning step 3 entirely. C.
Skip cleaning step 3 and instead soak the optic in a DI water/ethyl alcohol (1:1 by volume) bath for 6 hours, based on the procedure developed by Murakami, et al [3] , and then rinse it in DI water for 30 seconds.
D.
Same as process C, and then perform cleaning step 3.
For this study, we chose a representative 4-layer AR coating that is for use at 1064 nm and normal angle of incidence. It consists of two HfO 2 /SiO 2 layer pairs, deposited via e-beam evaporation in Sandia's large optics coating chamber [1] . SiO 2 was evaporated at a rate of 7 Å/s. Hf was evaporated at a rate of 3 Å/s in a reactive process with O 2 gas, resulting in a pressure of 1.2e-4 Torr in the coating chamber. Deposition occurred at 200 ºC.
Each optic underwent one of the four final cleaning processes described above, followed by LIDT testing by Spica Technologies, Inc. (www.spicatech.com) in late December 2013, on both sides at 1064 nm and normal incidence according to the NIF-MEL protocol [4] . To determine whether the cleaning procedures have an effect on the LIDT of the AR coatings as they age, we performed the final cleaning procedures on the optics again after a period of 4 months and re-measured the LIDTs in April 2014. While the optics were in storage for 4 months, they were housed in clean PETG containers.
Results
The LIDT results of each optic are shown in Fig. 1 for the LIDT tests that were performed in December 2013 and April 2014. The LIDTs are highest and nearly identical overall for cleaning process A (our standard final cleaning process) and for cleaning processes C and D that involve the DI water/alcohol soak. On the other hand, the LIDTs are lowest on average for cleaning process B, which skips the final cleaning process altogether. This confirms the importance of the DI water/alcohol soak and/or cleaning step 3 in achieving the highest LIDTs. Moreover, the final cleaning processes are responsible for providing a nearly twofold increase in LIDT compared to the LIDTs of the coatings that did not receive final cleaning.
In every case, the LIDTs differ between side 1 and side 2 of the same optic. This may be due to non-uniformity between the coatings on side 1 and side 2 as a result of positioning the optics at different locations in the coating chamber for each coating. In all cases, the side 1 coating receives a mild detergent wash (cleaning step 2) in between the first and second coating runs, but then undergoes the rather harsh conditions of facing up in the chamber at 200 ºC during the side 2 coating. Fine particulate contamination from the planetary fixture drive might fall down on side 1, and the coating simply bakes at 200 ºC for the roughly 12 hours the chamber is at that temperature prior to and during the side 2 run. For these reasons, if no cleaning occurs after both sides are coated, we expect the first side coated (side 1 in this study) to be more susceptible to laser damage than the second side coated (side 2 in this study). The LIDT results for process B (no final cleaning) confirm this. The LIDT results for processes A and C indicate, on the other hand, that the first coated side, with final cleaning, suffers no degradation of laser damage resistance due to having been in the coating chamber facing up during the coating of the second side. The LIDT results for final cleaning process D show LIDTs for side 1 that are significantly less than for side 2. We believe this to be due to an anomalous defect density for the bare side 1 of this optic, and data we present below supports this. Fig. 1 . LIDTs at 1064 nm and normal incidence for side 1 and side 2 of each AR coated test optic, with respect to the cleaning process used, and the month and year that the LIDT tests were performed.
The LIDT of each coating increased after a period of 4 months. The amount that each LIDT increased is shown in Fig. 2 . Cleaning process C resulted in the greatest LIDT increase, but these results are not significant because the optic that did not undergo final cleaning (i.e. cleaning process B) also displayed increased LIDTs. This indicates that an aging effect in the coatings is responsible for the increased LIDTs, rather than cleaning technique. We also re-measured the transmission spectrum of each coating again in the spectrophotometer, but none of the coatings exhibited a spectral shift, which otherwise could have been responsible for the LIDT increases. Further studies into aging, for example, by repeating the cleaning experiments after leaving the optics in a dirty container for more than 1 year, may provide a more accurate assessment of the effectiveness of each process in removing contamination. Fluence U/an1) Figure 3 shows the number of non-propagating damage sites versus the laser fluence that each coating exhibited during the laser damage tests. Because the number of non-propagating damage sites amounting to 25 in the case of every coating tested, the fluence at which the 25 non-propagating sites were observed establishes the damage threshold according to the NIF-MEL damage test criteria. Since none of the coatings exhibited propagating damage sites at the fluences tested, none of the coatings reached their intrinsic damage threshold. Non-propagating damage sites tend to be a result of contamination or coating defects such as nodules, which means that improving the quality of the polishing process, deposition process, or improving the cleaning methods even more, will result in coatings with lower defect densities and hence higher LIDTs compared to what we have presented here. We note in Fig 3. that the accumulation of non-propagating damage sites for the side 1 coating in the case of final cleaning process D shows the same rapid increase with laser fluence both before and after aging for 4 months. Since this behavior is not exhibited by the coatings of the other final cleaning processes, we conclude that it is associated with defect properties of the bare, uncoated side 1 surface of the process D optic. This supports our conclusion above attributing the low LIDT of the side 1 coating for process D to the defect density of the side 1 surface itself. The behavior of non-propagating damage sites for the other coatings is more consistent with defect properties of the coatings themselves, and changes somewhat as the coatings age. 
Conclusions
This study confirms the importance of performing experiments to test the effectiveness of cleaning methods for realizing higher LIDTs. The authors highly encourage others to perform cleaning experiments to ensure they are achieving the highest LIDTs for their coatings of interest. As a result of this study, we learned that the LIDTs that we can achieve using our current final cleaning method are nearly the same as the LIDTs that we can achieve using a final cleaning method that requires fewer physical demands, which consists of soaking the optic in equal parts of DI water and ethyl alcohol for 6 hours. We already use this DI water/alcohol final cleaning method for our debris shields, though for larger optics it may be cumbersome. Also, because none of the optics that we tested achieved their intrinsic LIDT, we should be able to achieve even higher LIDTs by addressing problems with either the quality of the coatings (removing nodules), or making further improvements to the cleaning method.
